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ABSTRACT

Design of solid rocket motors requires an extensive knowledge of the thermal behavior for
reliability and optimization of the payload. Within a solid rocket motor, a complex thermo-
chemical-aerodynamic process occurs. During the launch, the combustion of the solid
propellant generates intense heat, often reaching 3600 K. This results in a thermal
decomposition of the combustion chamber housing and the nozzle due to pyrolysis, and the
ablation/erosion of the latter due to thermal, chemical, and mechanical processes.
Additionally, within the engine, radiation occurs which is dependent upon the current
geometry, and the amount of combustion that has occurred. Recent developments have let to
the solution of these problems for both axisymmetric and three-dimensional geometries.
Particular emphasis has been placed on the efficient calculation of the thermal radiation. This
paper discusses the numerical simulation of the pyrolysis, surface energy inputs, thermal
contact and radiation calculations.

INTRODUCTION

Snecma Moteurs, Rocket Motors Division, through its subsidiaries Europropulsion and G2P,
is the prime contractor for developing the solid propellant rocket motors of Ariane 5 launchers
and of the French deterrence force. Snecma Moteurs also develops thermal protection systems
for reentry vehicles and bodies, and spatial probes.

What these products have in common is that some parts are subject to very high thermal
fluxes (both convective and radiative), thermochemical oxidation by reactive chemical
species, sometimes large mechanical and thermomechanical loads, and mechanical and

chemical interactions with impacting liquid and solid particles. These loads have their origin

in the high temperature, highly reactive
and often particle laden surrounding
flow generated either by the combustion

of the fuel or by the speed of the vehicle.

For instance, the nozzle and the internal
thermal protection liners of a solid
rocket motor can undergo fluxes up to
10 MW.m™ and alumina particles
impacts, during one or two minutes,
from the flow produced by the
combustion of the solid propellant.
Some bodies on re-entry encounter
thermal fluxes up to 100 MW.m-2.
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To sustain such conditions, these motors and vehicles use advanced composite materials, such
as carbon/carbon composites, carbon/phenolic composites, silica/phenolic composites,



ceramic matrix composites, and reinforced rubber-like materials as shown above. Among
these materials, some are thermodegradable and undergo a chemical transformation known as
pyrolysis producing decomposition gases and possibly brittle solid residue. Those materials
and others that are not thermodegradable undergo surface recession, due to heterogeneous
chemical reactions with the oxidizing chemical species of the surrounding flow, in which case
we speak of thermochemical ablation or due to mechanical erosion by mechanical loads,
which is often due to particle impacts.

The parts play a fundamental role for the thermal and mechanical integrity of the
motor/vehicle for its safety, reliability, and performance. Hence, the temperature through the
material, the thermo-poro-mechanical behavior induced, and the modifications of the
geometry due to thermochemical ablation/mechanical ablation must be understood.

In the past, the convenient design and sizing was obtained by a large sequence of destructive
full-scale motor tests. Now, the need for cost and design cycle reduction for solid rocket
motors, due to severe concurrence on the market, leads to the requirement for more
comprehensive and precise numerical models. This allows for the design of the motor with
fewer tests, minimal material, and, perhaps, more cost effective material.

During the past 40 years, many people have dealt with the modeling of the behavior of these
materials in such environments. This work has lead to comprehensive models, and numerous
in-house developed software programs often dedicated to a single material modeling. The
modeling of the behavior of a whole motor, with its nozzle and its combustion chamber
coated by thermal protection during and after the combustion of the grain, often requires the
use of four or five different simple software programs, each focused on a peculiar aspect of
the problem. This software is often limited to one- or two-dimensional conditions. The use
and maintenance of several aging software programs cost time and manpower.

Snecma Moteurs recognized that the general behavior of the different materials listed above
could be described by a single theory with increasing levels of complexity. This offers the
opportunity to implement some of these modeling levels in a single, general, multi-material
software capable of 3-D analysis, replacing all the former in-house developed software
programs, and capable of more comprehensive, precise, and user-friendly modeling.

Poro-thermal and ablative behavior of thermodegradable material

This paragraph focuses on the thermal aspects of the problem, and very little will be written
on the associated poro-thermo-mechanical aspects. Nevertheless, the reader may keep in mind
that the discussed pore pressure and
thermal degradation of the material
have tremendous effects on these
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nondegraded low temperature zone,
with original low porosity and
permeability, where thermal
evaporation of trapped chemical
species as water occurs [1-2]. This
produces a high internal pore
pressure.

At higher temperature range (300°C
— 600°C) for solid propulsion
heating rate conditions, the primary
pyrolysis chemical reactions occur,
turning the long polymer chains e
constituting the resin matrix into ., v
high molecular weight gaseous Uyl oikoroement
chemical species, and a
carbonaceous solid residue [3-5]. In this zone, a pore pressure also develops although the
porosity and the permeability of the material are increasing rapidly due to the loss of solid
mass. The solid density decreases.

CARBON / PHENOLIC

SILICA / PHENOLIC

This pore pressure induces a flow of the rather cool gaseous products through the residue
toward the heated surface upstream the heat flux, producing a cooling internal convection
effect.

As higher temperatures are encountered (1000°C-1400°C), the thermal cracking of the
gaseous phase continues further, generating less molecular weight chemical species.
Depending on the local conditions, the gas can be in a state of chemical equilibrium or
disequilibrium [6-7]. Besides these gas/gas reactions at still higher temperatures, some other
reactions and transformations may occur. For instance, a graphitization of the residue can
sometimes be observed. Another important phenomenon is the so-called coking [8]. The
flowing gaseous products are introducing too much carbon than the chemical equilibrium
allows at these temperatures. Hence, a solid carbon deposit in the residue is observed, which
can reduce the porosity and the permeability, and again increase the local density left by the
primary pyrolysis. This latter effect increases the resistance of the material to the
thermochemical ablation discussed below.

Just below the heated surface, where the temperature can reach the range of 2500°C-2800°C,
the thermodynamic conditions and the chemical species available in the internal gas flow
change the direction of heterogeneous gas/solid reactions. There, instead of a carbon being
deposited by coking, the carbon of the residue is now turned into gaseous species. At the
surface itself, the external flow around the part contains similar gaseous chemical species,
such as water vapor and carbon dioxide. Globally, the heterogeneous chemical reactions
between these species at the solid surface and just below lead to a mass loss. This is known as
thermochemical ablation and results in a recession of the surface. Numerous papers and books
are devoted to this phenomenon, for instance [3,9-15]. The process can be controlled either by
chemical kinetics or by the rate of diffusion of the chemical species through the boundary
layer of the external flow, depending on the local temperature and flow conditions.

Ablation absorbs a great quantity of energy, as the water evaporation and pyrolysis reactions
do. Another influence on the heat transfer reduction is due to the blowing of the boundary
layer of the external flow by the gaseous products of thermal decomposition and ablation.
With the above-mentioned internal convection cooling effect, these phenomena explain why
these materials exhibit excellent thermal insulation properties.



Besides these chemical processes, if the residue is brittle, mechanical or dynamical loads can
erode it [12-13]. Mechanical erosion is important for instance in the case of rubber-like
materials used as internal thermal protection for the combustion chamber of the solid rocket
motor [16].

As the combustion of solid propellant produces liquid or solid alumina particles, these latter
can impact the walls of the motor and cause additional thermochemical ablation or
mechanical erosion depending on the impact conditions. Impacts are also encountered in other
applications of these materials [13].

In the case of a silica/phenolic composite, the process can be more complex, with additional
phenomena such as reactions between the silica constituting the reinforcement and the carbon
produced by the pyrolysis, fusion of the silica reinforcement, re-oxidation at the surface of
some gaseous silicon oxide into liquid products [7,17-19]. On the contrary, with
nonthermodegradable and tuff materials such as carbon/carbon composites, only the surface
thermochemical ablation is relevant [11].

Physical models, numerical methods, and results for ablation and pyrolysis
2.1 Physical models

Many different models with increasing complexity can be considered concerning the surface
energy balance under thermochemical ablation and mechanical erosion conditions. For
instance, the ablation rate and the surface temperature may be imposed by the user from test
results, the popular concept of heat of ablation may be used, or a full energy balance such as
proposed by Kendall, Rindal and Bartlett [9]. Some different models will be available in
MSC.Marc-ATAS, but only the latter is discussed here.

The full surface energy balance (SEB) is required to determine the conductive flux entering
the material, the surface temperature, and the surface recession velocity during an
ablation/erosion process, from the external flow configuration. Besides the conductive flux,
the SEB takes into account convective heat flux with a possible blowing effect due to mass
injection, a radiative balance, an enthalpy flux due to molecular diffusion of the chemical
species in the boundary layer, three enthalpy fluxes associated with the mass transfer due to
thermochemical ablation by gases and thermal internal decomposition, two enthalpy fluxes
associated with thermochemical ablation, and a mechanical erosion by liquid or solid particles
impacts, and possible removal of liquid phases formed at the surface.

The surface energy balance (SEB) allows one to obtain the recession due to thermochemical
ablation by gases or particles. The other part of the surface recession, due to the mechanical
erosion, is calculated by other means. Both contributions are summed to obtain the total
surface recession.

The SEB is coupled with the heat transfer into the material by the conductive heat flux, and
with the mass flow rate towards the surface due to thermal decomposition gases generated
inside the material.



The following figure illustrates the in-coming and out-going flux in a control volume at the
surface.
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The reader should refer to classical papers and books on ablation for further insight in the
SEB [9,14-15]. A set of so-called classical G-Law model is used for modeling
thermochemical ablation by impacts of several different families of particles.

Both gases and impacting particles contribute to a chemical ablation that can be expressed by:

Sth = (ms,th,g + ms,th,p)/loS’ Wlth ms,th,g = f;h,szth,p,j mp,j
J

where s, is the recession velocity due to chemical reactions and p, the solid density.

Besides this thermochemical ablation, mechanical erosion can occur:
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Until now, the development has dealt with level-1 and level-2 models discussed above, for the
modeling of internal behavior. This paper focuses on the latter in a simplified form, and
nothing is written on water evaporation and coking.

In the level-2 model, the decomposition of the material is represented by two equations: the
mass balance gives as a result the mass flow rate of the pyrolysis gas and the solid density,
and the energy balance, which takes into account the contribution of the pyrolysis, through
which one obtains the temperature. Moreover, the concept of geometrical streamlines
explained above is used.



The expression for the mass balance is:
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where 6‘—”’ is the rate of decomposition of the solid material, and m g the mass flow rate of
t
pyrolysis gas.

As the material can be composed by several components, the rate of decomposition is a sum
of Arrhenius laws.
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where p,, is the density of the virgin material, and p,,. is the density of the charred

material, and p,, is the current density of the j™ component of the solid.

The mass balance is integrated along the geometrical streamlines:

” M dxa’s- ” —%dxds.
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This leads to the following numerical scheme to calculate the mass flow rate of the pyrolysis
gas:

S i, (e ™) = e i, (o™ = 053 (x, — . 1)[””—()s(xi>+% (xi_l)J

i=2

As quoted above, the solid and the gas are assumed to be in thermal equilibrium leading to a
one-temperature model. The energy balance includes a convective term due to the motion of
the pyrolysis gas in the porous media and an enthalpic term [3]. It is written as:
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where enthalpies are absolute enthalpies, defined by H = AH (f) +h=AH ;) + J‘TT ¢,dT and

where (H -H, e ) Tepresents some kind of 'heat of pyrolysis', with

= . ps,p,v*Hs,p,v* - ps,p,c*Hs ¥4
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< being an effective enthalpy for the degrading solid.

The energy equation is solved in the standard fashion by finite elements in MSC.Marc.



2.2 Material behavior

During the pyrolysis, the material undergoes a phase transformation from the outside surface
to the interior region as shown below. It is assumed that coking takes place in completely
pyrolysed material. The effective material properties are defined as:
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which relates the effective conductivity A" to the virgin 4,, charred 4. and coked conductivity

Aca, using the rate of pyrolysis &, and the rate of coking &.. Hence, the user need to define the
material properties in three states, all of which may be anisotropic and temperature dependent.
To facilitate this, a new THERM-PORE option has been introduced to allow these properties
along with their respective enthalpy of formation. A new option has also been introduced to
allow the user to associate a table (MSC.Patran Field) to any material property. These tables
may have up to four independent variables to permit general spatial variation without the need
of user subroutines. This capability has been generalized to support all of the material
properties, boundary conditions, and contact data in MSC.Marec.

Numerical methods

3.1 Ablation analysis

As previously discussed an important aspect of modeling thermal protection systems is
examining the consequences of surface recession by ablation. Building on the pioneering
work in MSC.SuperForm automatic remeshing procedures have been developed. In
conventional heat transfer analysis, mechanical displacements are not considered. In these
analyses, a zero displacement has been introduced, except at the surface nodes where
recession is allowed. The surface recession rate may be due to one of the sources discussed
above or may be a simple user-defined function. The recession model and the relevant surface
are defined in a new RECEDING SURFACE option. This recession rate is evaluated at the
surface integration points and a consistent nodal displacement is obtained. The next step is to
determine when remeshing is required. For manufacturing analysis, the common criteria are
based upon mesh distortion as the finite element mesh degenerates with distortion. In these
ablation problems, where, initially, very thin elements are used, these distortion criteria were
determined to be inadequate. Rather, a criteria based upon the percentage reduction in element
thickness in the direction of the streamline was developed. Furthermore, the time step is
adaptively controlled among other restraints so that the surface recession distance per time
step must be less than a critical dimension. It should be noted that while the element aspect
ratio often is greater than 50:1, this does not lead to computational difficulties for heat transfer
analysis.

Initially it was felt that mesh generators, such as the advancing front or Delauney, could be
applied to remesh the region after ablation occurred. But, based upon the requirements
imposed due to the streamline integration technique and for the mesh requirements to
accurately capture high thermal gradients, these methods proved fruitless. Rather, two
methods of remeshing have been implemented: mesh relaxing and mesh shaving. In the first
technique, the number of elements remains the same and the nodal coordinates are perturbed
in the direction of the normal. This results in equal spacing through the thickness. In the
second technique, the outside element is stripped off when it becomes arbitrarily thin. The



other elements are left undisturbed. Depending on whether the recession is uniform over the
surface, an element will be either fully removed or degenerated to a triangle, followed by
subsequent removal. In either case, after the mesh is modified, the elemental data is mapped
(rezoned) to the new integration points. A similar process is performed for streamline data.
When using such techniques, care must be exercised when viewing conventional results for
the history of a nodal quantity is dubious, as the node does not represent a constant material
particle. For this reason, special tracking options have been developed.

Because the shaver mesher changes the element and node numbers that are on the exterior
surface, a new geometry based boundary capability was added to MSC.Marc. Using this
procedure, all boundary conditions (prescribed temperatures, fluxes, convection) may be
applied to a point, curve (2-D), or surface (3-D). The conventional finite element entities
(nodes, element-faces) are attached to the geometric entities. As the finite element model
changes, the new mesh is automatically associated with the geometry, and boundary
conditions are correctly applied. This treatment of boundary conditions also facilitates
improved connectivity to CAD in the future. The new boundary condition procedure works in
conjunction with tables to allow maximum flexibility.

3.2 Streamline Definition for level-2 model

SFIP
In the numerical procedure outlined above, the “_O_: _o,_“/Z/q_ e
flow rate is integrated along geometrical
streamlines to represent simplified one- T
dimensional fluid flow. The program, based
upon the assumption that a regular but not

necessarily uniform mesh is provided for two- or ) | P
three-dimensional analysis, automatically

calculates the streamlines. Certain quantities are a1 2 sm
evaluated at the stream integration points (SIP), x x

shown in the figure below. Unfortunately, finite cp—1"" i

elements impose the requirements that these Regular Mesh

quantities are at the conventional integration SIP Strdaflin gt Py
points to evaluate the material properties, and SFIF) Surface Integration Points

other source terms. Hence, first a weighted

nodal average of the extrapolated quantities are obtained followed by interpolating to the
conventional integration points. Because of the large number of elements through the
thickness, this procedure did not show any loss in accuracy.

Results

An example of ablation calculation is given below, comparing MSC.Marc-ATAS results with
a previously developed Snecma Moteurs in-house software program. Using the same
boundary conditions, the surface recession and the temperature inside the material are similar
for both programs.



Temperature field in the material for different timeswhile ablation .
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Below is another example of calculation with pyrolysis but no ablation. A comparison is
made with another older in-house developed Snecma Moteurs software program. The
temperature fields inside the material are in good correlation.

Comparison of the temperature between the Snecma code and Marc (M SC)
along the material at different times

3000
2500 -
< 2000 4
g
% 1500 4 ——snecma
E’_ marc
€
(3]
'_

1000 ~

500 -

0 :
0,0E+00 5,0E-03 1,0E-02 1,5E-02 2,0E-02
Coordinates (m)

During the process, the material is pyrolysed, and we can see the pyrolysis progressing and
the density decreasing inside the material.

Comparison of the density field inside the material
between the Snecma code and Marc (MSC)
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The thermal decomposition produces gases that are assumed to flow out instantaneously. The
gas quantity created is summed along the streamlines, and we obtain the following curve that
shows the mass flow rate of the gas arriving at the surface during the process.

Comparison of the mass flow rate at the exterior surface
between the Snecma code and Marc (M SC)
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These examples are based on one-dimensional configurations and used for the validation of

MSC.Marc-ATAS. Nevertheless, as quoted above, this latter allows the program to deal with

general multi-dimensional configuration not possible for the older level-2 software, and
includes the level-3 model for which no software is currently available.

As an example of two-dimensional behavior the thermal solution of a simplified reduction
area was obtained. The surface energy input is dependent upon the distance along the flow,
and the current area relative to the throat area. The analysis was performed twice, to evaluate
the two remeshing techniques required due to ablation.

Shaver Mesher

Thermal Contact

A solid rocket motor is built from many different parts, constituted by several materials
having very different thermal properties, and, by design, there are some gaps allowing the
thermomechanical expansion to occur without failure. To simplify the model of these discrete
parts, a new thermal contact option has been added to MSC.Marc. This option may also be
successfully be used to model assemblies of noncongruent meshes. The thermal contact
behavior option behaves in a similar manner to the contact option in thermal-mechanically

coupled analyses, but with several enhancements. The flux across a surface is based upon
three potential states:



No contact — distance from nodes to another surface dX > dnear :

=N (T Te)

Near contact — distance from node to another surface dcontact < dX < dnear

q:hcv* (Tz_Tl) + hnt* (Tz_-l-l)ent + *(T24_T14) + (hm _(hct-hbl)* dx* (Tz_Tl)/dnear

True contact — distance from node to another surface dX < dcontact

g=h.*(TT)

Where h., is the convective coefficient, h,, is the natural coefficient, hy, is the convective
coefficient at the boundary layer, and h is the contact coefficient. All coefficients may be
spatially and temporally dependent. T; and T, are the temperatures at surface 1 and 2,
respectively, while Tepy is the temperature of the environment. For near contact, a simplified
radiation model is available. The assumption is that the radiation is between the two closest
surfaces, with no shadowing or other geometric effects. This capability is available for both
two- and three-dimensional models.

Radiation

Radiative thermal heating is a significant contributor to the thermal process and leads to
complexity in the numerical simulations. Interior to the rocket motor, the environment
transitions from a highly gaseous and particle filled medium to a near vacuum during the
combustion and post combustion periods. Because of ablation, the geometric changes may
have an influence on the view factors, and need to be recalculated if the finite element mesh
changes. MSC.Software has embarked on enhancing and modularizing the view factor
calculation to be more computationally efficient. Currently, the following view factor
procedures are employed at MSC:

Finite Difference (MSC.Nastran)
Contour Integrations (MSC.Nastran and MSC.Thermal)
Gaussian Integration (MSC.Nastran)
Monte Carlo (MSC.Marc)
Regardless of the method used to calculate the view factors there are two consequences:
1. The number of view factors becomes large, growing quadratically with the number of
radiating surface.

2. The subsequent calculation in the analysis program is dependent upon the number of view
factors calculated.

The number of view factors is reduced because of shadowing effects, but depending upon the
procedure used to calculate the view factors, this may lead to higher computational costs in
calculating them. Because of shadowing, sparse storage techniques are beneficial .

Using finite difference, contour integral, Gaussian integration or direct integration the number
of operations increases quadratically with the number of radiating surfaces. All of these
procedures (combined with adaptive approaches or refined meshes) can produce accurate



results, but at a clear computational cost. The Monte Carlo method the computational cost
increases linearly with the number of radiating surfaces, and increases linearly with the
number of emitting rays. This clearly is beneficial for large models. The problem with the
Monte Carlo method is that a large number of rays may be necessary to achieve accurate
results (for example if thin cavities exist).

A new procedure has been developed that is a pixel based modified hemi-cube method. This
is based upon the work of Willmott [24] and is available for planar,axisymmetric and three-
dimensional geometries for either continuum of shell elements. Multiple symmetry planes and
cyclic symmetry may be included. The advantage of this method is that the computational
costs are linearly dependent on the number of radiating surfaces and linearly dependent upon
the number of pixels. The accuracy is dependent upon the number of pixels chosen, and the
size/shape of the cube. It is advantageous over the Monte Carlo method in that greater
accuracy may be obtainted at a lower cost.. This is because the number of pixels is less than
the number of rays required, and the computational cost in the kernel is less.

The foundation of radiation is based upon radiation being received from multiple directions
and/or being emitted in multiple directions. This leads to the concept of a hemisphere, where
one considers an element being projected onto the hemisphere as shown in Figure 1.
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This geometric projection can be “easily” calculated for 2-D or axisymmetric, but is
problematic in 3-D. To overcome this problem of exact projections one can consider dividing
the hemisphere into pixels as shown in Figure 2, and the simple “count” the pixels. This
procedure is easier to implement in 3-D, though it is still expensive. As an alternative one can
approximate the hemisphere with a hemi-cube as shown in Figure 3.
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Using the hemi-cube method is less expensive, but is still difficult around the edges, and
especialy the cornersin 3-D. One way to reduce this problem is to change the dimensions of
the box, such that thereis a smaller possibility that leakage out of the sidesisimportant and
then simply neglect this. Thisis shown in Figure 4, where a hemi-box now replaces the hemi-
cube. To retain accuracy, one must select a good dimension of the box, and as the spaceis
now biased, an equally spaced pixel grid will lead to inaccuracies. To overcome this problem
a hemi-plane will be used with non-equally spaced pixels, such that the weight of each pixel is
the same. Thisis shown in Figure 5.

VIEW FACTOR HEMIPLANE

Figure5

There are five reasons why it may be necessary to recalculate view factors in a heat transfer or
coupled thermal-mechanical analysis:

1. Orbital motion is to be modeled.

2. Ablation in the model results in geometric changes and possibly changes in the model
topology, and or changes in the shadowing.

3. High temperature cradients activate the local remeshing procedure which changes the
topology.
4. Large displacements occur, which result in the change of geometric view factors.

5. Large strains occur that require remeshing in the model, such as in manufacturing.

As an example a simplified rocket motor was modeled with an artificial hot spot inducing a
non-uniform thermal distribution that resulted in a burn through of the wall. This model was
designed to test the new capabilities, and does not reflect a real structure. In the analysis 1000
increments were used to model 10 seconds, and the viewfactors were calculated 101 times.

Other applications

The study of pyrolysis and ablation, while critical for the rocket and reentry vehicle industry,
has important value to other industries as well. The key common denominator is the presence
of high fluxes and potential thermal-chemical degradation of the material. We observe these
phenomena every morning when we make toast. The same technology is applicable to
furnaces and other fire retardant insulation. Aspect of ablation are applicable in disk brakes,
tire wear, gears, and potentially machining applications. Laser cutting exhibits many of the
same physical phenomena that may be modeled using this technology.



Conclusions

The status of the development of the ATAS capabilities in MSC.Marc has been discussed.
Excellent correlation has been found with previously developed simple modeling tool. The
formulation incorporated in MSC.Marc will have far greater generality, allowing simulation
of phenomena that was previously intractable. This will lead to reducing the time associated
with design and in building and testing costly prototypes. Also, the use and maintenance of a
single thermal software program with user-friendly inputs, plus being capable of coupled
thermal/thermomechanical coupled analyses, will save time and money compared to the use
of several older purely thermal software programs.
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